Prenatal hypoxia in mammals causes fetal growth restriction and catecholaminergic overstimulation that, in turn, alter signaling pathways associated with adrenergic receptors. β-adrenoceptors (βARs) are essential for fetal cardiac development and regulation of cardiac contractility. We studied the effects of chronic prenatal hypoxia on cardiac βAR signaling and the incidence of alterations in the juvenile βAR system due to the embryonic treatment. We Eggs from broiler chickens were incubated in normoxia (N, 21% O 2 ) or chronic hypoxia (H, 14%
Introduction
Prenatal hypoxia is a common complication that, if prolonged, causes fetal growth restriction due to the restricted oxygen supply to somatic tissues. In mammalian models, the compensatory response involves the release of circulating catecholamines (16, 21, 28) which will enhance cardiac output by stimulating β-adrenergic receptors (βARs). This βAR-dependent cardiac boost is not exclusive to pathological situations but is also necessary during parturition (1) when a natural state of transient hypoxia and catecholamine release triggers important physiological changes in the transition from fetal to neonatal life. Therefore, sustaining βAR function in the perinatal period requires that βAR signaling is maintained despite chronically raised levels of circulating catecholamines.
Mammalian fetal and neonatal βARs are resistant to downregulation in response to either chronic hypoxia (6) or overstimulation by extended catecholamine infusion (30) . Prolonged agonist exposure triggers an increase of βAR sensitivity which supports cardiac contractility (1) .
This situation contrasts with that of adults, in which prolonged βAR stimulation reduces the number of functional receptors (13) . The reduction follows a classic two-phase response; firstly desensitization, i.e. uncoupling of the receptor from its G-protein and sequestration of the receptor from the cell surface, and secondly downregulation, i.e. increased degradation of internalized receptors and suppressed mRNA expression (29) . Loss of βAR density in adult hearts is closely correlated to cardiac failure (24) .
It is unclear however, if chronic fetal hypoxia affects βAR function differently than perinatal hypoxia. Similarly, nothing is known of the effects of adverse embryonic events on the latency or recurrence of alterations of βAR function postnatally. This is important considering the emerging body of knowledge demonstrating adverse effects when poor intrauterine environments interfere with the proliferation and differentiation patterns in key organ systems (16) . Accordingly, the risk of developing cardiovascular disease is strongly correlated with low 2 birth weight because growth restricted neonates are more prone to develop such pathologies as adults, a concept known as 'developmental programming' (3) . Thus, the effects of chronic developmental hypoxia could hypothetically fall into four categories: 1) no effect on either the embryonic or juvenile phenotype, 2) instant and transient changes affecting only the embryo, 3) permanent changes affecting the embryo and consequently retained in the adult or 4) delayed changes appearing later in postnatal life.
Our study was set up to investigate the maturation of βAR function and how it is affected by chronic embryonic hypoxia. βAR function was assessed by measuring the density of membrane receptors with a βAR specific tritiated ligand (CGP-12177) and functionally by measuring the effect of the endogenous βAR agonist epinephrine (EPI) on contractility through concentration-response curves. Although EPI is an agonist of both αAR and βARs, αAR stimulation has no inotropic nor chronotropic effects in our animal model (7).
We carried out our study in a broiler chicken model characterized by very fast postnatal growth. Using an egg-developing animal model we were able to separate the embryonic hypoxic responses from confounding maternal effects since catecholamines readily cross the placenta. At the same time, the fast growth shown by broiler chickens imposes an additional load on cardiac function early in life that may enhance any postnatal effects.
We hypothesized that the adaptations to hypoxia in the chicken embryo would follow the same pattern seen in many mammalian fetal models, i.e. inhibited βAR downregulation and increased βAR sensitivity in the heart. Furthermore, we postulated that the effect of chronic embryonic hypoxia would fall under the third category previously suggested, i.e. causing delayed changes appearing later in postnatal life, negatively altering cardiac βAR signaling.
Material and methods

Manipulation of embryonic development and handling of experimental animals
Fertilized eggs from the fast-growing broiler strain Ross 308 were obtained from a local hatchery (Lantmännen SweHatch AB, Väderstad, Sweden), incubated at 37.8 °C, 45% relative humidity and turned once every hour (model 25 HS, Masalles Comercial, Barcelona, Spain). One incubator was set to normoxic conditions (20.95% O 2 referred to as N) and one to hypoxic conditions (14% O 2 referred to as H). Isobaric hypoxia was achieved by a steady stream of N 2 into the incubator. Oxygen levels were continuously monitored by a galvanic oxygen sensor (Pico Technology Inc, Cambridgeshire, UK). 14% O 2 was chosen after preliminary trials showing that lower oxygen concentrations (≤12%) resulted in a high mortality (>75%) before developmental day 5. Survival rate at 19 d incubation was about 20% in hypoxia vs. 75% in normoxia. Chickens hatched in the same oxic conditions they were incubated in.
Hatchlings were weighed and released into pens with ad libitum access to commercial chicken feed (Allfoder PK, Foderfabrik, Västerås, Sweden) and drinking water. General room temperature was adjusted to 25 °C and infrared heating lamps kept the microclimate at 30-32 °C for first week hatchlings and 28-30 °C for older animals. Photoperiod was set as 12 h light /dark with a light intensity of 6 lux at floor level. Body mass was measured weekly to monitor growth.
The experiments were conducted in embryos incubated to the last third of incubation (15 and 19 day old embryos, referred as E15 and E19 respectively) and in juvenile chickens (14 and 35 day old post-hatchlings, referred as P14 and P35 respectively) as described in Figure 1 .
At the time of sampling animals were euthanized by decapitation and body mass was determined to the nearest tenth of gram (Sartorius BP 221S, Sartorius, Goettingen, Germany).
Embryonic body mass did not include the yolk sac. The heart was rapidly excised and rinsed in room tempered modified Ringer's buffer solution (composition in mM: 138 NaCl, 3 KCl, 3 The receptor binding protocol was modified from a tissue punch technique previously described (7) . The technique of using intact tissue instead of homogenates enabled us to quantify the cell surface receptors (functional) with reduced disruption of the cellular environment (7). 
βAR mediated inotropic effects in isolated ventricular tissue
Hearts from freshly euthanized animals were used for contraction studies. For E15 and E19
hearts, four muscle strips, approximately 1 mm thick and 3 mm long, were cut from the left ventricular wall, following the main fiber orientation of the ventricle. For P14 and P35 hearts trabeculae were large enough to be used (~ 0.5 mm), which ensured that most cardiomyocytes in the trabeculae were oriented in the plane of contraction and would not be disrupted by dissection.
All tissue strips were kept under modified Ringer solution until mounting. 5 mM of sodium pyruvate was added to the buffer as metabolic substrate. Calcium concentration in the buffer was optimized: 3 mM Ca 2+ was used for E15 and E19 and 5 mM Ca 2+ for P14 and P35. The muscle strips were placed between platinum electrodes connected to a stimulator (Grass S6C, Astro-Med Inc, West Warwick, RI, USA). The force transducers were connected to a four channel bridge amplifier (Somedic AB, Sollentuna, Sweden) connected to an eight channel PowerLab system (ADInstruments Ltd, Oxfordshire, UK) and the amplified signal was recorded in a PC with the data acquisition program Chart (ADInstruments Ltd, Oxfordshire, UK).
After mounting, the strips were stretched to a resting tension of approximately 3 mN and electrically paced at a frequency of 1.5 Hz (pulse duration of 20 ms at a voltage 8-15 V). The strips were left to contract for 30-90 min for stabilization and to allow wash-out of any endogenous catecholamines released by the electrical stimulation. After the stabilization period a recording was started and strips were stretched in 2 mN steps to find the muscle length at which the twitch contraction was maximal. Muscle stretch was set to a resting tension that produced 80% of maximum contraction. Strips were again left to stabilize for 30 minutes and the set resting tension was maintained throughout the experiment.
The concentration-response curve was initiated by pacing the strips for 150 s before adding the initial concentration of the naturally occurring catecholamine EPI. Agonist concentrations spanned from 10 -10 to 10 -4 M and were added cumulatively in 10 steps with 150 s between concentrations. To discard the possibility of receptor desensitization due to agonist stimulation we washed the strips after a full concentration-response protocol, re-stabilized them for ~ 1 h and ran the EPI protocol again on the same strips. The two sequential concentrationresponse curves obtained were superimposable and receptor desensitization due to cumulative agonist addition was thereby ruled out.
Drugs
Timolol maleate salt and (-/-) epinephrine bitartrate salt, were both obtained from SigmaAldrich, Specific receptor density (B max ) was calculated in GraphPad Prism after accounting for nonspecific binding (Fig. 2) . Data from muscle twitches were analyzed by non-linear regression in the software GraphPad Prism to obtain a sigmoidal concentration-response curve for each individual strip.
The negative log values of EC 50 (pEC 50 ) were averaged for strips from the same heart. pEC 50 , K d and B max were compared between groups using a one-way ANOVA followed by independent samples t-tests (SPSS for Windows v.15) and adjusted using the application of the false discovery rate procedure (4).
All results are presented as mean (SD) unless stated otherwise. The fiduciary level of significance was set to p<0.05.
Results
Hypoxia causes embryonic growth retardation and relative cardiac enlargement
Hypoxic embryos had a significantly lower body mass in both E15 and E19 (25% and 32% lower than the normoxic group, respectively,). The effect of hypoxia on growth was still significant in P14H (15.5% lower body mass), but the significance disappeared in P35H. Cardiac enlargement, indicated by a higher relative heart mass, was observed in both groups of hypoxic embryos and in the P14H juvenile group (Table 1) . Similar to the trend in body mass, the hypoxic effect on heartto-body mass disappeared in the P35H animals. The protein content in the heart of juveniles was 55% higher than in the embryos (Tab.1).
Hypoxia decreases receptor density in the late embryo
Receptor binding curves followed the typical one-site binding model with saturation of the receptors occurring at a concentration of approximately 1.0 nM CGP after 2 h incubation (Fig.   2 ). NSB was on average 25% after two washes and did not decrease further with additional washes. Hypoxia had no effect on B max in E15 chickens, but significantly decreased B max in E19, 6 .90 (1.61) vs. 4.54 (1.53) fmol µg -1 protein in normoxic and hypoxic ventricles respectively.
B max increased significantly post hatching in comparison to B max in embryonic ventricles (Fig.   3A ), but prenatal hypoxia did not have an effect. Receptor affinity decreased post-hatching, but did not differ between treatments at any age (Fig. 3B ).
Hypoxia and age affect βAR sensitivity to agonist
The resting tension to produce 80% of the maximal twitch force was on average 4 mN and was similar in cardiac strips from groups E15, P14 and P35. A higher tension (9 mN) was needed for E19 to reach 80% of maximal twitch force. In embryos, the sensitivity to EPI was lower in E19N compared to E15N (Fig. 4) . At the same time, hypoxia increased the sensitivity to agonist in both E15H and E19H, but with a pEC 50 in E19H significantly lower than in E15H.
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The pEC 50 in P14N and P35N increased significantly compared to the pEC 50 in the embryos (Fig. 4) . The most interesting finding was that βAR sensitivity decreased significantly in P35H but not in P14H. pEC 50 in P35N was 7.14 (0.42), significantly higher than 6.68 (0.29) in P35H, which indicates alterations in the juvenile βAR system due to the prenatal hypoxia.
Where an increased inotropy was observed, it was also reflected in an increase in contraction and relaxation rates. In all our experiments, the relaxation rate was 53% of the contraction rate at 0.1 μM EPI. Only E15H had significantly higher pEC 50 for both the contraction and relaxation rates compared to controls ( Table 2 ). There was no difference in P14, but the pEC 50 in P35H was lower than in P35N.
Discussion
We provide evidence of βAR sensitization in the chronically hypoxic chicken embryo, since the same number of βARs elicits 50% of the contractile response in hypoxic embryos at a lower agonist concentration. The most important finding, however, is that a hypoxic insult during embryonic life has an effect on the sensitivity to EPI without changes in receptor density 5 weeks after hatching. This provides evidence that prenatal hypoxia can affect βAR signaling postnatally, an effect that links yet another mechanism to the early onset of adult cardiovascular disease (2) .
Hypoxia causes an increase in heart-to-body ratio in embryonic and postnatal development
Acute prenatal hypoxia imposes a redistribution of cardiac output to vital organs such as the heart, brain and adrenal glands at the expense of other organs and tissues such as the liver and carcass (19, 21) . If the hypoxic episode is extended, the redistribution of blood flow will cause growth restriction (18) . We confirmed this in our study, showing a decrease in embryonic body mass of 25% in E15 and 32% in E19 (Table 1) proposed that βAR stimulation does not elicit cardiac hypertrophy in neonatal hearts due to the suppression of these G i proteins (29) . However, in fetal sheep, hypoxemia induced by placental embolization causes cardiac enlargement due to cell hypertrophy (21) . Similarly, our hypoxic embryonic model showed a relatively larger heart in the embryo which remained in P14H chickens (1% drop in heart mass). The relative cardiac enlargement disappeared in P35 animals where the hypoxia-induced decrease in heart and body mass was of the same magnitude (7 and 10%, respectively).
Growth of the mammalian heart is due to hyperplasia in the embryo, but switches to hypertrophic growth of the cardiomyocytes within a few days after birth (15) . On the other hand, post-hatch chicken cardiomyocytes differ from those of mammals and proliferate until body weight stabilizes (i.e. at least up to 42 days of age), i.e. heart growth in post-natal chickens is due to a combination of proliferation and cell hypertrophy (14) .
βAR density decreases in the late embryo, but increases postnatally
We chose to measure membrane bound receptors in intact tissue. Even if sequestered receptors play an important intracellular role (23), the contraction response to agonist is directly connected to cell membrane receptors. During parturition (and hatching) catecholamine levels increase drastically near-term in response to the stress of birth as shown for example in sheep (8) .
In the late chicken embryo (19-20 days), the catecholamine peak is also due to the decrease in pO 2 (20) because the chorioallantois (the gas exchange organ) is already regressing while the chicken is still developing. The loss of surface βARs in control conditions from day 15 of embryonic development to day 19 in our model indicates internalization or receptor downregulation and is in agreement with the transient decrease in isoproterenol sensitivity of the embryonic ventricle between days 16 and 21 (10) . However, it is not in agreement with the mammalian paradigm that prenatal cardiac βARs are resistant to downregulation (29) .
Interestingly, chronic hypoxia triggers a further loss of receptors in E19.
B max initially increases after birth, but decreases with aging (31), something that we also see in P35N compared with P14N. Even if P35N displays almost one third less receptors than P14N, sensitivity to EPI is not altered, unlike the perinatal response where loss of receptors is reflected in a loss of sensitivity. These results may be attributed to changes in the receptor reserve, since the functional potency of an agonist is not necessarily proportional to receptor occupancy (27) . In the rat heart, for example, βAR reserve is high because 50% of the maximal contractile response to isoproterenol, EPI and norepinephrine (all potent βAR agonists) is reached with only 1-3% of the receptors occupied (5). βAR reserve is lower in the human heart, where 25% of the receptors need to be stimulated to reach the same 50% contraction. Since βARs are downregulated in cardiac failure, the low reserve in the human myocardium will cause the failing heart to perform submaximally to βAR agonist stimulation. Our data suggest that βAR receptor reserve is larger after hatching than in the embryo. This is because of the much higher βAR density in the juveniles compared to the embryos, together with the fact that a maximum response was reached at a significantly lower concentration of EPI in the juveniles compared to the embryos. The presence of a receptor reserve would thus make the functional response resistant to a reduction in receptor numbers, which was the case for our juvenile chickens; the reduction of B max in P35N compared to P14N was not reflected in the pEC 50 where P14N and P35N showed similar sensitivity to EPI. In the same line of reasoning, the embryonic chickens would have a low cardiac βAR reserve to EPI since the reduction in B max in E19N was directly affecting the sensitivity to agonist in a negative manner.
We found that the affinity of CGP-12177 to βAR was lower in the juveniles than in the embryos. Age changes of βAR affinity have been shown in other models. A decrease in affinity is reported in senescent rat hearts compared to juveniles (22) . Similar results to ours are found when comparing neonatal and adult rabbit hearts, i.e. an increased B max and decreased affinity with age (26) .
Prenatal hypoxia increases embryonic βAR sensitivity but decreases it postnatally
The loss of surface βARs in response to hypoxia is overridden by the increase in sensitivity and may therefore be of limited physiological importance. Thus, the overall increase in adrenergic sensitivity with hypoxia appears to be the common physiological response in both mammalian models and the chicken. The potential mechanisms underlying the increased sensitivity in the prenatal and neonatal period are to be found downstream in the signaling cascade. Among them, the most likely targets are: 1) a switch to a more active AC isoform (type V/VI) (25), 2) suppressed expression of G i , and/or an increased expression of G s , which makes the G-protein -receptor coupling more efficient (29) and 3) a shift in β 1 /β 2 ratio (1).
The hypoxic decrease of βAR density and function in the adult animal is reversible with normoxic recovery (11). However, exposure of the 1 day old neonate to hypoxia over 10 days and subsequent normoxic recovery for 11 weeks renders an adult animal that has a maintained receptor density but a lowered sensitivity to βAR agonist stimulation (25) . This is in agreement with our observation that despite maintained receptor density, the P35H juvenile displayed a decreased sensitivity to agonist stimulation. The decreased response to βAR stimulation may be 13 associated with a reduction in AC type V/VI (25) and/or a signaling shift/altered expression pattern in favor of G i over G s , which is the opposite from the embryonic response.
In conclusion, chronic embryonic hypoxia in the chicken increases the positive contractile response to EPI in the fetus, regardless of maintained or decreased receptor density. The chronic hypoxic treatment is reflected in the postnatal animal that, 5 weeks after hatching, displays a decreased sensitivity to βAR stimulation without a decrease in βAR numbers. These postnatal effects from the embryonic exposure to a chronic hypoxic challenge suggest that a poor embryonic environment can have implications for the cardiac function and health in the adult.
Perspectives
In heart failure, a change in βAR subtype ratio favoring a relative increase in β 2 is one reason associated to the decreased sensitivity to agonist (24) . Under baseline conditions β 2 signals spontaneously through G s and contributes to enhanced contractility (17) , but β 1 is the main responsible subtype for the positive inotropy following catecholamine stimulation (9) and is also the subtype mainly downregulated in heart failure (24) . β 2 could play a detrimental role in cardiac contractility and contribute to cardiac failure because 1) it seems resistant to downregulation, 2) it does not contribute to the increased inotropy during physiological challenges like hypoxia and 3) it has the property of switching from G s -mediated signaling to G imediated at higher concentrations of agonist (9) . Changing the β 1 :β 2 ratio towards a higher concentration of β 2 could therefore mean a reduction in the contractile response due to β 2 switching from stimulatory signaling to inhibitory in situations of physiological stress or sympathetic overdrive. Additionally, a change in G s :G i ratio has been recognized in heart failure and an increase in G i could contribute to an enhancement of the switch to G i signaling of β 2 .
Accordingly, we speculate that our observations in the chicken may share some of the mechanisms for classical heart failure and that the cause of the decreased βAR sensitivity in 14 P35H is due to changes in β 1 :β 2 ratio, G s :G i balance and expression of AC isoforms. The abatement in βAR sensitivity of the P35H group in our study might be an initial gateway to adult cardiovascular alterations due to the embryonic insult (2) . Further investigations are necessary to assess the mechanisms behind the decreased cardiac sensitivity to EPI stimulation in the P35H and the in vivo relevance of this decrease. Developmental age is expressed as days of embryonic and postnatal development, respectively.
* Significance between normoxia and hypoxia within the same developmental age (p<0.05).
# Significance between subsequent developmental age group, same treatment (p<0.05) 
